Abstract-The first superconducting magnets to be installed in the muon ionization cooling experiment (MICE) will be the tracker solenoids. The tracker solenoid module is a five coil superconducting solenoid with a 400 mm diameter warm bore that is used to provide a 4 T magnetic field for the experiment tracker module. Three of the coils are used to produce a uniform field (up to 4 T with better than 1 percent uniformity) in a region that is 300 mm in diameter and 1000 mm long. The other two coils are used to match the muon beam into the MICE cooling channel. Two 2.94-meter long superconducting tracker solenoid modules have been ordered for MICE. The tracker solenoid will be cooled using two-coolers that produce 1.5 W each at 4.2 K. The magnet system is described. The decisions that drive the magnet design will be discussed in this report.
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I. INTRODUCTION
T HE DEVELOPMENT of a muon collider or a neutrino factory requires that beams of low emittance muons be produced. A key to the production of low emittance muons is muon ionization cooling. A demonstration of muon cooling is essential to the development of muon accelerators and storage rings [1] . The international Muon Ionization Cooling Experiment (MICE) will be a demonstration of muon cooling in a configuration of superconducting magnets [2] and absorbers that may be useful for a neutrino factory.
Ionization cooling of muons means that muons have their momentum reduced in both the longitudinal direction and the transverse direction by passing them through a low Z absorber (such as liquid hydrogen). RF cavities are used to re-accelerate the muons to their original momentum. If the scattering in the absorbing medium is not too large, the reaccelerated muon beam will have a lower emittance than the muon beam that entered the absorbers. The MICE cooling channel cools the muons and reaccelerates them to their original energy.
This report describes the tracker module that used to measure the muon emittance entering and leaving the MICE cooling channel. The superconducting tracker solenoid is the heart of the tracker module.
II. THE MUON IONIZATION COOLING EXPERIMENT
MICE will test muon cooling using a low intensity muon beam generated from the ISIS ring at the Rutherford Appleton Laboratory in the United Kingdom. MICE is divided into two sections; a muon beam production section and the MICE channel.
Dipping a metal target into the halo of the ISIS proton beam produces pions. The pions will decay into a well-defined muon beam within a 5-meter long decay solenoid. These muons will be carried into the experimental hall by a conventional beam transport system.
The beam enters the MICE channel by passing through a diffuser that will scatter the muons (impart transverse momentum as well as momentum spread) to produce a beam of desired emittance. The entering muon beam emittance will be measured by five planes of scintillating fiber detectors that are in a uniform solenoidal magnetic field at 4 T. Fig. 1 shows schematic view of MICE. Fig. 1 shows the cooling channel and the two trackers at both ends of the experiment.
Once the emittance of the muon beam entering the cooling section has been measured by the first tracker module, the beam passes through an absorber in the first absorber focus coil module (AFC module) that cools the muon beam by ionization cooling. The absorber is in a high magnetic region where the field either goes through zero to the opposite polarity or remains reasonably uniform (depending on which cooling mode is being tested). In either case, the beam beta is supposed to be minimized in the absorber. The MICE test absorbers may be liquid hydrogen, liquid helium, beryllium, plastic, or aluminum. The absorber is surrounded by a two-coil solenoid that produces a uniform field or a cusp field that flips as one goes along the axis [3] .
The muon beam momentum is recovered in the RF coupling coil module (RFCC module) [4] by accelerating the beam with a four cell 201.25 MHz RF cavities that are within the coupling magnet 2.0 to 2.5 T field [5] . After the muon beam has been re-accelerated, it passes through a second AFC module. The process of re-acceleration is repeated in the second RFCC module then the beam passes through the final AFC module. At this point, the beam cooling can be clearly measured.
Once the beam has passed through the MICE cooling section, it enters the second tracker module, which identical to the first tracker module. There is a time of flight TOF detector and a Cherenkov counter calorimeter end of the experiment after the last tracker module. This report presents the basic design parameters for the two tracker magnet modules for MICE. These modules are located at the ends of the MICE channel shown in Fig. 1 .
III. THE TRACKER MODULE FOR MICE
The tracker module consists of a five-coil superconducting solenoid, a magnet cryostat vacuum vessel, a vacuum vessel (MICE vacuum) that contains the radiation shutter, a five-plane scintillating fiber tracker that operates in a helium atmosphere, a thin window between the MICE vacuum and the tracker atmosphere, a patch panel that carries the light fibers from the trackers to PID cryostat, a window between the tracker volume and the outside world (a muon diffuser in the upstream tracker module), and an iron shield that shields the photo multiplier tubes (PMTs) from the tracker magnet stray field. The PMTs are part of the TOF detector that is located 500 mm from the last coil of the tracker magnet.
The radiation shield between the AFC module and the tracker magnet, which is like a shutter, is the equivalent to 50-mm. of lead. This shield is used to protect the scintillating fiber detectors that are located in the uniform field region of the detector solenoid, while the RF cavities are being conditioned at high acceleration gradients. During the cavity conditioning process, the RF cavities produce electrons and x-rays that damage the plastic fibers. The radiation shield is open during MICE operation.
The tracker system iron magnetic shield, which is at the end away from the cooling channel, consists of more than one iron ring, which are 1500-mm in outside diameter, with a hole around the axis of the experiment that is 500-mm in diameter. Because the position of the PMT with respect to the TOF detector is very important, the iron shield must be 400 mm from the last coil of the tracker solenoid. At that distance, the shield will exert an 87 kN longitudinal force (toward the iron) on the magnet coils. This force is smaller than the cold mass support design force of 500 kN [5] .
IV. THE TRACKER MAGNET
The tracker magnet consists of two parts. The first section is the uniform field spectrometer solenoid that consists of a single 1290-mm long center coil with two 110-mm long end coils. The field uniformity is 0.5 percent over a 1-meter long section that is 0.3 meters in diameter at the center spectrometer magnet section. The second section of the tracker solenoid consists of a pair of coils that matches the muon beam from the AFC magnet to the spectrometer solenoid. The five coils are wound on a common mandrel, so that the longitudinal magnetic forces can be carried along the solenoid. The maximum inter-coil longitudinal force in the magnet is about 1370 kN (140 tons) from the end coil near the iron shield to the center coil of the detector set.
The three spectrometer coils will be connected in series with one pair of 300 A leads connected to the outside world. Each of the match coils has its own pair of 300 A current leads. There is a pair of 50 A current leads across the center coil of the detector magnet that permits each of the end coils to be separately tuned so that the effect of the iron shield can be minimized and so that the tuning process between the AFC module and the tracker module can be optimized.
The tracker module length is 2923 mm long. The magnet cryostat vacuum vessel length is 2735 mm. The magnet warm bore is 400 mm. The outer diameter of the tracker module is about 1404 mm. The length of the cold mass is 2554 mm. The cold mass inner diameter will be 490 mm and outer diameter will be about 724 mm. The tracker magnet cold mass will be 2100 kg. The overall mass of the tracker module will be 5000 kg when the iron shield is attached. The detector magnet parameters are shown in Table I .
V. THE TRACKER MAGNET COIL DESIGN
The design of the magnet coils shown in Table I is based on Nb-Ti conductor with a copper matrix, which has bare dimensions of 0.95 mm by 1.60 mm. The insulated dimensions are about 1.00 mm by 1.65 mm. The conductor insulation is a layer of Formvar that is about 0.025 mm thick. The conductor corners are rounded to prevent insulation cracking. The number of layers in each coil is even because one wants the coil leads come out at the same end and one wants to minimize the effects of the winding pitch on the field quality. The tracker magnet conductor is 3.9 0.4 parts copper to 1 part Nb-Ni. The design conductor twist pitch is 19 mm. The conductor has 222 filaments that are approximately 41 in average diameter. The conductor at 5 T and 4.2 K. The two tracker solenoids will be wound with 109 km of conductor purchased from Outkompu in Waterbury CN in the United States. The conductor was delivered in six lengths ranging from 5 km to 33 km. A cross-section of the tracker magnet conductor is shown in Fig. 2 . The turns per layer and layer thickness ( 1.065 mm) for the coils shown in Table I assume that the conductor is wound with the long dimension parallel to the solenoid axis.
The cold mass of the tracker solenoid is shown in Fig. 3 . The superconducting coils will be wound on a forged 6061-aluminum mandrel. The mandrel and the cover plate carry the longitudinal forces within the cold mass. There is aluminum banding on the outside of the coils. The space between the banding and the cold mass cover plates will contain about 190 liters of liquid helium and the quench protection diodes. The tracker magnet will be kept cold with two or three 1.5 W coolers. The connection between the 4 K second stage of the coolers and the magnet cold mass is through thermal siphon heat pipes [7] . The design of the tracker solenoid is conservative. The stress within the coils and the aluminum spacers is well below the yield stress of the materials in the coil package. Since the detector magnet design is quite conservative, the temperature margin in the magnet is high ( 1.4 K at 4.2 K) for all of the coils. The extra temperature margin may permit the tracker solenoid to operate with two coolers. Fig. 4 shows the magnet load lines and the conductor Ic for the five tracker solenoid coils. The coil temperature margin is illustrated in Fig. 4 as well as Table II . heat leaks are lower. The heat loads shown in Table II suggest that only two coolers may be needed to cool the tracker magnet.
There are two types of coolers commercially available for cooling the magnets. These are Gifford McMahon (GM) coolers and pulse tube coolers with a thermodynamic cycle similar to that of a GM cooler. 1.5 W coolers of both types are available. The critical selection issue for the MICE magnet coolers is the stray magnetic field around the magnets. The MICE doesn't have an iron shield to return the magnetic flux and shield the coolers. GM coolers are sensitive to magnetic field at cold pistons and at the drive motor on the top of the cooler. Magnetic field can cause excessive wear in the cooler cold heads and it can cause the motor to stall. Both are a problem when the magnetic field is 0.08 T. A pulse tube cooler is sensitive to magnetic field 0.08 T in the rotary valve motor that creates the pulses for the pulse tubes. An advantage of the pulse tube cooler is the fact that this motor can be located remotely away from the cold head, where the magnetic field is much lower.
The magnetic field in the region where the coolers will be located on the tracker solenoid is about 0.15 T on the second stage cold head and 0.06 T at the location of the drive motor (or 0.04 T at the pulse tube cooler valve motor). As a result, pulse tube coolers have been tentatively selected for the tracker solenoids. It is proposed that two 1.5 W coolers be used on each tracker magnet. Space for a third cooler will be provided on the tracker magnet cryostat.
VII. CONCLUDING COMMENTS
The superconducting tracker magnets for MICE can be built with existing niobium titanium conductors. There is enough margin in the detector magnet design to allow for tuning of the MICE magnets and still have reasonably large temperature margins for each of the detector coils. The forces within the magnet can he handled by the proposed coil and aluminum spacer structure.
The detector solenoid can be cooled using two pulse tube coolers. A key factor in using small coolers to cool the tracker magnet is maintaining a low temperature difference between the magnet hot spot and the cooler cold heads. This temperature difference can be less than 0.2 K
